Rich evidence indicates that monoamine oxidase (MAO) A, the major enzyme catalysing the degradation of monoamine neurotransmitters, plays a key role in emotional regulation. Although MAOA deficiency is associated with reactive aggression in humans and mice, the involvement of this enzyme in defensive behaviour remains controversial and poorly understood. To address this issue, we tested MAOA knockout (KO) mice in a spectrum of paradigms and settings associated with variable degrees of threat. The presentation of novel inanimate objects induced a significant reduction in exploratory approaches and increase in defensive behaviours, such as tail-rattling, biting and digging. These neophobic responses were context-dependent and particularly marked in the home cage. In the elevated plus-and T-mazes, MAOA KO mice and wild-type (WT) littermates displayed equivalent locomotor activity and time in closed and open arms ; however, MAOA KO mice featured significant reductions in risk assessment, as well as unconditioned avoidance and escape. No differences between genotypes were observed in the defensive withdrawal and emergence test. Conversely, MAOA KO mice exhibited a dramatic reduction of defensive and fear-related behaviours in the presence of predator-related cues, such as predator urine or an anaesthetized rat, in comparison with those observed in their WT littermates. The behavioural abnormalities in MAOA KO mice were not paralleled by overt alterations in sensory and microvibrissal functions. Collectively, these results suggest that MAOA deficiency leads to a general inability to appropriately assess contextual risk and attune defensive and emotional responses to environmental cues.
Introduction
Monoamine oxidase (MAO) A is the major enzyme catalysing the degradation of serotonin (5-hydroxytryptamine ; 5-HT) and norepinephrine (NE) in the brain. Cogent evidence has shown that MAOA catalytic activity is a key determinant in emotional regulation, and is inversely related to the severity of aggressive and antisocial traits (Alia-Klein et al. 2008) . A paradigmatic example of this link is Brunner syndrome, a genetic condition characterized by a nonsense point mutation in the MAOA gene, resulting in marked increases in urinary 5-HT levels, antisocial behaviour, reactive aggression and mild cognitive impairment (Brunner et al. 1993a) .
The nosographic characterization of the endophenotypical abnormalities caused by MAOA deficiency is still highly elusive, in consideration of the low prevalence of Brunner syndrome (Hebebrand & Klug, 1995) . A useful experimental tool to overcome this limitation, however, is afforded by MAOA knockout (KO) mice (Cases et al. 1995) . Similar to MAOA-deficient individuals, these animals show elevated levels of 5-HT and NE in the brain, as well as heightened levels of reactive aggression in the resident-intruder task (Cases et al. 1995 ; Scott et al. 2008 ; Shih et al. 1999) .
The reactive nature of the aggression associated with MAOA-deficiency strongly supports the existence of alterations in the appraisal of potential or actual danger (Blair, 2009) . Accordingly, preliminary findings have shown that individuals with polymorphic variants associated with low MAOA activity display disturbances in the emotional processing of environmental and social cues (Brummett et al. 2008 ; Buckholtz & Meyer-Lindenberg, 2008 ; Caspi et al. 2002 ; Kumari et al. 2009 ; Lee & Ham, 2008 ; Williams et al. 2009 ).
Despite the well-established aggression towards conspecifics, the available evidence on the defensive and anxiety-like behaviours in MAOA KO mice remains incomplete and controversial. While few lines of research indicate that MAOA KO mice may have a heightened sensitivity to fear-inducing stimuli, such as a mild footshock (Kim et al. 1997) , these mutants show reduced endocrine response to restraint stress (Popova et al. 2006 ) and lack of anxiety-related behaviours in several assays (Agatsuma et al. 2006 ; Popova et al. 2001 ; Scott et al. 2008 ; Vishnivetskaya et al. 2007) .
This background prompted us to hypothesize that MAOA deficiency may result in a generalized alteration of threat assessment. We tested this possibility by analysing different domains of defensive and emotional reactivity of MAOA KO mice, including avoidance, neophobia, risk assessment and response to predator-associated cues and height. To this end, we used MAOA A863T KO mice, a mutant line featuring a spontaneous nonsense point mutation in the eighth exon of the Maoa gene (Scott et al. 2008) . These mice were selected in view of the isomorphism between their mutation and that featured in Brunner syndrome (Scott et al. 2008) , which makes them a valuable naturalistic model for this disorder. Furthermore, the background of these mice (129S6) is well-suited for studies of emotional reactivity in mutant mice (Marques et al. 2008 ; Paulus et al. 1999) and does not result in sensory deficits.
Methods

Animal husbandry
We used experimentally naive male 129S6/SvEvTac mice aged 3-4 months [n=247 ; 118 wild type (WT) and 129 MAOA
A863T KO], weighing 25-30 g. Animals were group-housed in cages with food and water available ad libitum. The room was maintained at 22 xC, on a 12-h light/dark cycle (lights on 06 : 00 hours). Light and sound were maintained at 10 lx and 70 dB for all behavioural tests unless otherwise indicated. Experimental procedures were in compliance with the National Institute of Health guidelines and approved by the Animal Use Committees of the University of Southern California and the University of Cagliari. For each experiment, the number of each group was defined based on statistical power calculations based on preliminary studies conducted within our experimental settings.
Novel object exploration
The experiment was performed as previously described (Bortolato et al. 2009 ). Mice (WT=9, MAOA KO=11) were tested within a grey Plexiglas cubic box (20r20r20 cm). Mice were acclimated to the chamber for 15 min. Twenty-four hours later, two novel, identical black plastic cylinders (8 cm heighr3.5 cm in diameter) were symmetrically placed at equal distance (4 cm) from the centre and affixed to the floor of the box. Mice were placed in a corner, facing the centre, and left undisturbed for 15 min. Their start position was rotated and counterbalanced for each genotype throughout the test.
The same experimental protocol was used in two alternative contextual situations with separate groups of animals :
$ in moderately familiar cages (after 2 consecutive days of acclimation, for 15 min/d), to study the impact of contextual adjustment on object exploration (WT=8, MAOA KO=8) ;
$ in their home cages (commercial Makrolon mouse caging units ; size : 28r17r12 cm ; 0.5 cm of bedding layer) (WT=8, MAOA KO=8). Twenty-four hours following acclimation to the new home cage, two novel objects were affixed to the cage floor, at equal distances (7 cm) from the centre.
For each trial, we analysed : locomotor activity (defined as the number of crossings on a grid superimposed onto the image of each cage in a video monitor) ; tail-rattling ; latency to first exploratory approach ; total duration and number of exploratory approaches. Exploration was defined as sniffing or touching objects with the snout ; climbing or sitting on the object was not considered exploration.
Elevated plus-maze and T-maze
The test was performed as previously described (Bortolato et al. 2009 
Emergence test
The emergence test was performed as previously described (Holmes et al. 2003 ; Liu et al. 2007 ) with minor variations. A black Plexiglas rectangular arena (40r10r20 cm) was divided by a guillotine door into two compartments. The first compartment (start chamber, 10r10r20 cm) was covered with a black ceiling, while the second compartment (open chamber, 30r10r20 cm) was left uncovered. Light and sound were maintained at 300 lx (central compartment and goal chamber) and 70 dB, respectively. Mice (WT=8, MAOA KO=9) were individually placed in the start chamber for 10 min acclimation. The door was raised at 6 cm from the floor and the animal was allowed to freely explore the open chamber for 5 min. Using different groups of animals, the same test was performed to test whether the emergence behaviour of MAOA KO mice may be conditioned by the following elements : an object (tennis ball, 7 cm in diameter) at 5 cm from the door ; the same object impregnated with 10 ml of diluted bobcat urine (v/v, 1 : 1) (Lexington Outdoors Inc., USA) ; a male Long-Evans adult rat, previously anaesthetized with pentobarbital (50 mg/kg i.p.), with the snout at 7 cm from the guillotine door. For each test, we measured the latency to emerge from the start chamber, the number of transitions across the guillotine door, the percent time spent in each chamber and sniffing the object (or rat) and the number of faecal boli.
Defensive burying
The defensive burying test was based on objects impregnated with predator urine, as previously described (Campbell et al. 2003) . Mice (WT=27, MAOA KO=31) were individually placed into new home cages filled with 2 cm of sawdust. Following a 24 h familiarization period, mice were exposed to a pair of wooden blocks (3r3r3 cm), previously impregnated with 1 ml of diluted bobcat urine (v/v, 1 : 1) (Lexington Outdoors Inc.). Water-impregnated objects were used as controls. Blocks were placed in the centre of the cage at equal distances apart. The number and duration of digging bouts were measured for the 5-min periods before (baseline) and after placing the blocks.
Visual cliff test
The visual cliff test was used to ascertain the presence of overt visual deficits (Fox, 1965) in MAOA KO mice. The apparatus consisted of two pedestals (30r30r 36 cm), featuring a black/white checkerboard pattern on their surface. The pedestals were placed 25 cm apart and connected by a 1-cm-thick, transparent Plexiglas (85r36 cm) platform. Mice (WT=9, MAOA KO=11) were placed in the middle of the ledge area at the edge of the apparent cliff, and their activity was recorded for 5 min by a video camera positioned above the apparatus. The latency of each mouse to cross the cliff ledge was measured.
Buried food test
Olfactory activity of animals was evaluated as described by (Yang & Crawley, 2009 ). Mini chocolatecereal chips (weight y1.0 g) were used as the food stimulus. For three consecutive nights, one chip was placed into each cage to establish odour familiarization. Chip consumption was verified every morning. Mice (WT=12, MAOA KO=11) were deprived of food for 24 h prior to testing. Mice were individually exposed to a standard clean cage with a 3-cm-thick layer of clean bedding for a 5-min acclimation period. The animal was briefly removed and a familiar food pellet was buried 1 cm beneath the surface. Food and animal placement were randomized. The latency to retrieve the chip was measured with a 15 min cut-off time.
Object recognition under total darkness
The object recognition test was performed under total darkness to verify the haptic function of microvibrissae in exploration (Brecht et al. 1997) . Novel object exploration was studied in WT and MAOA KO mice as described above (with 1 d of cage acclimation), under either regular environmental light or total darkness (with an infrared camera to videotape behaviour). Ninety min later, animals were returned to the same cage for 15 min, under the same light conditions as in the first exploration trials. The cage contained one object identical to those used in the previous trial (familiar object) and a different novel object with equivalent odour but different size (rectangular block, 6 cmr3 cmr3 cm) and texture. Positions of familiar and novel objects were counterbalanced throughout the experiment. Each object was used only once throughout the experiment. A novelty exploration index (NEI) was calculated as the ratio of the duration of the exploratory approaches targeting the novel object over the time of exploration of both objects.
Statistical analyses
Normality and homoscedasticity of data distribution were verified using the Kolmogorov-Smirnov and Bartlett's tests. Parametric analyses were performed with one-way or two-way ANOVA, as appropriate, followed by Tukey's test with Spjøtvoll-Stoline correction for post-hoc comparisons. Non-parametric comparisons were performed by Mann-Whitney and Kruskal-Wallis tests as appropriate. Correlation analyses were performed by multiple regression. Comparisons of categorical data were performed by Fisher's exact test. Significance threshold was set at p=0.05.
Results
Novel object exploration
We first compared the exploratory and defensive responses of MAOA KO mice to novel objects in a standard cage, following 1 d acclimation. Under these conditions, no significant difference was found in either the exploratory duration (Fig. 1a) [F(1, 18)= 1.13, n.s. ; ANOVA] or in the latency to the first approach ( Fig. 1 c) [H(1)=0.24, n.s. ; Kruskal-Wallis].
Conversely, the number of approaches was found to be significantly lower in MAOA KO mice than WT counterparts (Fig. 1 b) [F(1, 18)=7.23, p<0.05]. Object presentation also elicited tail-rattling responses in some (33 %) MAOA-deficient mice, but not in WT conspecifics ; however, the occurrence of this phenomenon was not found significantly different between the two genotypes (Fisher's exact test). Crossings were comparable between genotypes (data not shown) [F(1, 15)=1.89, n.s.]. Notably, no significant correlation was found between locomotor activity and exploratory duration (data not shown).
The same test, conducted in a different group of mice after 2 d acclimation to the cage, elicited significant reductions in both duration (Fig. 1d) In their home cages, MAOA-deficient mice exhibited significant reductions in both the duration (Fig. 2g) [F(1, 15)=11.39, p<0.01] and number (Fig. 2 h) [F(1, 15)=22.6, p<0.001] of exploratory approaches in their home cages. MAOA KO mice also displayed significant increases in the latency to explore (Fig. 2 i) [H(1)=8.72, p<0.01] and tail-rattling responses (62.5 % of occurrence among MAOA KO mice ; 0 % in WT) (p<0.05, Fisher's exact test) compared to WT littermates. The number of crossings (data not shown) [F(1, 15)=0.00, n.s.] was equivalent between genotypes. Moreover, the locomotion and exploratory activity were not significantly correlated (data not shown).
Elevated plus-maze
In agreement with previous studies on other lines of MAOA-deficient mice (Popova et al. 2001) , MAOA KO mice showed comparable percent open-arm entries (Fig. 2 a) [F(1, 14)=0.32, n.s.], percent closed-arm entries (data not shown) [F(1, 14) =0.16, n.s.], and total arm entries (Fig. 2 b) [F(1, 14)=0.80, n.s.] to their WT counterparts. Moreover, both genotypes displayed an equivalent duration in the open arms (Fig. 2 c) [F(1, 14)=0.07, n.s.], closed arms (Fig. 2 d) [F(1, 14)=0.78, n.s.], and on the central platform (data not shown) [F(1, 14) =0.80, n.s.], respectively. We also examined the risk assessment and exploration by measuring stretch-attend postures and head dips, respectively (Rodgers & Johnson, 1995) . MAOA KO mice displayed fewer stretch-attend postures (Fig. 2 e) [F(1, 14)=8.88, p<0.01] and a lower number of head dips (Fig. 2f) [F(1, 14) 
Elevated T-maze
MAOA KO mice displayed a significantly longer latency to exit the closed arm (Fig. 2 g) [U(15, 15)=49, p<0.01]. Similarly, MAOA-deficient mice exhibited a significant increase in latency to escape to the closed arm (Fig. 2 h) [U(14, 13)=46.5, p<0.05]. These results indicate that MAOA KO mice display reductions in both exploratory activity and escape behaviours.
Defensive withdrawal
No significant differences were found between MAOA KO and WT mice in any behavioural parameter (data not shown).
Emergence test
Both genotypes showed similar behavioural responses in the emergence test under standard conditions and in the presence of a foreign object in the open chamber (data not shown). In contrast, the introduction of an object impregnated with predator urine produced an increase in fear-related parameters in WT, but not in MAOA KO mice. Specifically, MAOA KO mice exhibited a significant reduction in the latency to exit the start chamber (Fig. 3 a) [U(8, 8)=0.00, p<0.001]. No differences were detected between genotypes in the percent time in the start chamber (Fig. 3 b) [U(7, 9) =16, n.s.], percent time in open chamber (Fig. 3 c) [U(7, 9)=16 ; n.s.], transitions (Fig. 3 d) [F(1, 15) n.s.], sniffing duration (Fig. 3e) [F(1, 15)=0.56, n.s.], and sniffing bouts (Fig. 3 f) [F(1, 15)=1.94, n.s.]. The presence of an anaesthetized rat in the open chamber also elicited a marked increase in fear-related responses in WT mice, but not in MAOA KO littermates. In particular, the latter displayed a significant decrease in latency to emerge from the start chamber (Fig. 4 a) [U(5, 9)=2.00, p<0.01] compared to WT counterparts. This reduction in latency was accompanied by a significant decrease in percent time spent in the start chamber (Fig. 4 b) [F(1, 14) =7.53, p<0.05] and a significant increase in the percent time spent in the open chamber (Fig. 4 c) [F(1, 14) =7.53, p<0.05]. Moreover, MAOA KO mice exhibited a significant increase in sniffing duration (Fig. 4 e) [F(1, 14)=5.79, p<0.05], and sniffing bouts (Fig. 4 f) [F(5, 10)=1.94, p<0.05], but not the number of transitions (Fig. 4 d) [F(1, 13) =1.38, n.s.].
Defensive burying
We exposed mice to foreign objects, either odourless or impregnated with predator urine, in their home cage. Both genotypes showed comparable baseline digging frequency (Fig. 5a) [F(1, 49) =0.28, n.s.] and duration (Fig. 5 c) [F(1, 48)=0.09, n.s.]. Although the presentation of odourless objects induced a significant increase in digging responses (in both digging bouts and duration) in MAOA KO mice compared to WT littermates, predator urine-impregnated objects elicited higher digging activity in WT than MAOA KO mice, in both frequency (Fig. 5 b) [H(3)=10.09 ; p<0.05] and overall duration (Fig. 5 d) [H(3)=11.63, p<0.01]. Post-hoc analysis revealed significant differences between genotypes in digging frequency in the absence (p<0.05), but not in the presence of urine (p<0.10). Moreover, urine-impregnated object presentation elicited a significant difference in digging bouts (p<0.01) in MAOA-deficient compared to odourless objects. In line with these findings, significant differences in digging duration were detected between genotypes exposed to the odourless object (p<0.01). Differences in digging duration between genotypes in the presence of predator urine were not significant (p<0.06). The presence of urine-impregnated objects also induced a significant difference in WT (p<0.05) and MAOA KO mice (p<0.05) compared to odourless objects.
Assessment of visual, olfactory and microvibrissal functions
We then investigated whether some of the exploratory alterations in MAOA KO mice may be attributed to alterations in visual and olfactory sensitivity, or in the haptic function of the microvibrissae. In the visual cliff paradigm, both MAOA KO mice and WT littermates exhibited comparable visual acuity, as measured by their latency to reach the cliff [F(1, 18)=0.69, n.s.] (Fig. 6 a) . Similarly, the equivalent latency to locate the hidden chocolate chips in the buried food test (Fig. 6 b) [F(1, 21)=0.46, n.s.], signified the lack of differences in olfactory sensitivity between MAOA KO and WT mice. In the object recognition test, we did not detect any difference between WT and MAOA KO mice in exploratory duration (Fig. 6c) [F(1, 32) =0.56, n.s.] and NEI (Fig. 6 d) [F(1, 28)=0.00, n.s.], irrespective of the light conditions. These results suggest that the behavioural impairments in MAOA KO mice are not associated with an overt impairment of the microvibrissal function (Brecht et al. 1997) despite the alterations in barrel fields displayed by these animals (Cases et al. 1995) . 
Discussion
The results of the present study show that MAOA KO mice exhibit a broad spectrum of maladaptive defensive responses to contextual cues. Interestingly, abnormalities in defensive responsiveness featured by MAOA KO mice were multidirectional, in relation to the degree of potential danger associated with the environmental elements. On one hand, novel inanimate objects elicited high levels of neophobia in MAOA KO mice, manifested as defensive behaviours (including tail-rattling, biting and digging) and reduced exploratory activity, particularly if introduced in familiar environments. On the other hand, MAOA KO mice showed a paradoxical reduction of their unconditioned fear-related and escape responses across several settings associated with a higher level of potential danger, such as the open arms of an elevated T-maze or the presence of predator urine or a rat. In substantial agreement with previous findings (Agatsuma et al. 2006 ; Popova et al. 2001 ; Scott et al. 2008 ; Vishnivetskaya et al. 2007) , the ethological conflict between protected and unprotected environments (in the elevated plus-maze, defensive withdrawal and emergence paradigms) did not induce marked behavioural variations in MAOA KO mice. These alterations were probably supported by a parallel decrement in both avoidance/fear and approach/ exploration responses, as clearly documented by the elevated T-maze test (Torrejais et al. 2008 ; Viana et al. 1994) . Interestingly, the behavioural deficits in MAOA KO mice were not accompanied by overt alterations in locomotor, visual, olfactory and microvibrissal functions, suggesting that their impairments may result from a general impairment in their emotional regulation.
Taken together, our findings suggest that MAOA deficiency leads to maladaptive emotional and defensive reactivity to environmental cues. In particular, MAOA KO mice exhibited a distinct inability to attune their responses to the situational content of their milieu, as indicated by the inappropriateness of their defensive behaviours (For a more comprehensive review on this concept, please see Blanchard & In contrast, the presentation of an odourless object induced a robust digging response in MAOA-deficient mice. Impregnation of the object with predator urine elicited a marked decrease in digging behaviour in MAOA KO mice compared to their WT counterparts. All values are represented as means¡S.E.M. * p<0.05, ** p<0.01, *** p<0.001 compared to WT mice exposed to the odourless foreign object. # p<0.05, ## p<0.01 compared to MAOA KO mice exposed to the odourless novel object. Blanchard, 2008) . Specifically, the reduction in stretchattend postures in the elevated plus-maze (Rodgers et al. 1992) and the manifestation of maladaptive responses, such as climbing a predator or rattling the tail in response to novel, innocuous objects, suggest a general impairment in risk assessment and goaldirected performance in MAOA KO mice. This conceptual framework may account for the dysregulated aggressive and stress-induced responses in MAOA KO mice (Cases et al. 1995 ; Kim et al. 1997 ; Popova et al. 2006) . Of note, the paradoxical responses of MAOA KO mice to neutral and fear-inducing stimuli are markedly reminiscent of the deficits in facial affect processing in schizophrenia and autism (Bolte & Poustka, 2003 ; Dawson et al. 2004 ; Gur et al. 2007 ; Hall et al. 2008 ; Phillips et al. 1999 ; Surguladze et al. 2006) . In fact, schizophrenia patients have been shown to exhibit overactivation of fear systems in response to neutral stimuli (Hall et al. 2008 ; Seiferth et al. 2008) and decreased emotional response to fearful faces (Phillips et al. 1999 ; but see Morris et al. 2009 for contrasting evidence), as well as disturbances in contextual appraisal (Green et al. 2007) . Interestingly, these deficits have been linked to negative symptoms ( Van't Wout et al. 2007) , including flat affect, stereotypical and rigid behaviour. MAOA activity has actually been linked to a number of psychiatric disturbances characterized by perseverative behaviours and low flexibility, such as autism spectrum disorders and obsessive compulsive disorder (Camarena et al. 2001 ; Chugani, 2002 ; Cohen et al. in press, 2003 ; Davis et al. 2008 ; Yoo et al. 2009 ). In line with this possibility, the behavioural changes in MAOA KO mice may reflect their limited range of adaptive responses and behavioural flexibility compared to WT mice. Based on the level of danger associated with a given context and/or situation, the behaviour of MAOA KO mice may therefore appear more or less defensive and fearful, insofar as it is compared with the broader, multi-faceted behavioural repertoire of WT mice.
Alternatively, the neurochemical changes induced by MAOA deficiency may lead to specific alterations for each domain of defensive and emotional reactivity. In keeping with this possibility, both 5-HT and NE have been extensively shown to play different roles in the regulation of defensive behaviours (Bondi et al. 2007 ; Dringenberg et al. 2003 ; Graeff, 1993 ; Grahn et al. 2002) .
Our experiments documented a general reduction of exploratory activity in MAOA KO mice across a broad spectrum of paradigms, which was not associated with a reduction in locomotor activity. This finding suggests that MAOA KO mice may display a lower level of inquisitiveness. This view is supported by previous findings, attesting poor novelty-seeking and reward-dependence traits in male carriers of the low-activity variant of MAOA polymorphism (Shiraishi et al. 2006) . Interestingly, the gradual familiarization of MAOA KO mice to the external environment induced a progressive enhancement of the defensive responses targeting novel objects. This finding may indicate that the sharp contrast between the relative acquaintance with the context and the novelty of the objects may enhance the salience (and the anxiogenic valence) of the latter, thereby leading MAOA KO mice to channel their aversive responses on them.
While novel object exploration in an unfamiliar environment is widely regarded as a dependable model of state-anxiety (Belzung & Le Pape, 1994) , the same task in a familiar context has been proposed to measure trait-anxiety (Avgustinovich et al. 2000) . This premise may suggest that the anxiety-like behaviour of MAOA KO mice may be an innate, enduring characteristic, rather than a transient alteration of emotional responsiveness. Moreover, high trait-anxiety may also partially contribute to the poor environmental adaptation and habituation (Hare et al. 2008 ) previously observed in MAOA-deficient mice (Agatsuma et al. 2006) .
Previous studies have shown that long-term treatment with MAOA inhibitors in adult rodents induces a decrease in defensive behaviour against predators (Griebel et al. 1998) , but an enhancement in exploratory activity (Steckler et al. 2001) . These findings indicate that the emotional alterations featured by MAOA KO mice are at least partially due to neurodevelopmental alterations. Indeed, several studies have shown that the sensorimotor cortex deficits in these animals are due to neurodevelopmental alterations based on the excessive 5-HT levels and 5-HT 1B receptor hyperactivation in the first days of postnatal life (Cases et al. 1995 ; Salichon et al. 2001 ; Vitalis et al. 1998) . Additionally, while most behavioural alterations of MAOA KO mice -such as the elevated aggressiveness and fear conditioning -cannot be reproduced by pharmacological inhibition of this enzyme in adulthood, early treatment with MAOA inhibitors has been shown to induce antisocial behaviour and emotional impairments in rodents (Mejia et al. 2002 ; WhitakerAzmitia et al. 1994) .
MAOA KO mice have been shown to display alterations of the barrel fields (Cases et al. 1995) , the cortical representations of the mystacial vibrissae in the rodent snout (Erzurumlu & Jhaveri, 1990) . These formations play a key role in the functional coordination of the mystacial vibrissae in the rodent snout (Luhmann et al. 2005) , and their impairment has been shown to result in profound alterations of perceptual processing, exploratory activity, threat response and sensory integration of environmental stimuli (Cases et al. 1996 ; Dowman & Ben-Avraham, 2008 ; Hurwitz et al. 1990 ; Sanders et al. 2001 ; Straube et al. 2009 ). Nevertheless, we did not observe any significant change in the exploration and recognition of novel objects in the absence of light. This finding shows that, irrespective of the presence of visual cues or odour differences, MAOA KO and WT mice did not display differences in object recognition, thereby ruling out the role of microvibrissae in the exploratory deficits displayed by the mutant genotype. In line with this concept, we found that MAOA A863T KO mice did not display any overt impairment of olfactory and visual perception, the other two sensory modalities used in object exploration by rodents. In particular, our results on the visual cliff paradigm suggest that the abnormal development of retinal projections previously documented in C3H MAOA KO mice (Tg8) (Upton et al. 1999) do not exert profound effects on visual acuity and discrimination in our line.
Our data expand and complement previous clinical evidence showing a link between low MAOA activity and impairments in threat processing (Kumari et al. 2009 ; Lee & Ham, 2008 ; Williams et al. 2009 ), stress response (Jabbi et al. 2007 ) and decision-making (Ibanez et al. 2000 ; Meyer-Lindenberg et al. 2006 ; Perez de Castro et al. 2002) . These alterations are likely to account for the aberrant aggressiveness observed in individuals with low MAOA activity (Alia-Klein et al. 2008 ; Brunner et al. 1993a, b ; Caspi et al. 2002 ; Foley et al. 2004 ; Jacob et al. 2005 ; Nilsson et al. 2006) . In spite of these similarities, several limitations advocate extreme caution in the interpretation of our findings with respect to their translational validity : first, psychiatric disorders cannot be fully recapitulated in murine models, and data from these findings may not fully translate to clinical settings ; second, the lack of molecular bases to the observed alterations does not allow understanding of the mechanisms of MAOA in the regulation of defensive responses.
In conclusion, these findings show that MAOA KO mice exhibit a biphasic change in defensive reactivity towards environmental cues : while neutral objects induce high levels of neophobia and fear-like behaviours, risk-laden contexts evoked a reduction in risk assessment and escape behaviour. These paradigms bear marked similarity with the deficits in emotional processing observed in several psychiatric disorders, including schizophrenia and autism (Bö lte & Poustka, 2003 ; Dawson et al. 2004 ; Gur et al. 2007 ; Hall et al. 2008 ; Phillips et al. 1999 ; Surguladze et al. 2006) . Additionally, our study highlights the role of MAOA in the processing of adaptive, goal-directed responses to contextual cues. Further studies are warranted to validate the endophenotypic traits identified in MAOA KO mice throughout our experiments, and elucidate their neurobiological substrates.
